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Abstract. From the small sample of afterglow lightcurves of short duration γ-ray bursts (GRBs), the decays are rapid, roughly
following a power-law in time. It has been assumed that the afterglow emission in short GRBs is collimated in jets in the same
way as in long GRBs. An achromatic break in a short GRB afterglow lightcurve would therefore be strong evidence in favour
of collimation in short GRBs. We examine the optical lightcurve of the afterglow of the short GRB 050709, the only short GRB
where a jet break has been claimed from optical data. We show that (1) the decay follows a single power-law from 1.4 to 19
days after the burst and has a decay index α = 1.73+0.11
−0.04, (2) that an optical flare at ∼ 10 days is required by the data, roughly
contemporaneous with a flare in the X-ray data, and (3) that there is no evidence for a break in the lightcurve. This means that
so far there is no direct evidence for collimation in the outflows of short GRBs. The available limits on the collimation angles
in short GRBs now strongly suggest much wider opening angles than found in long GRBs.
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1. Introduction
Great progress has been made in the past year on the ori-
gins of short-duration (< 2 s, Norris et al. 1984; Dezalay et al.
1992; Kouveliotou et al. 1993) γ-ray bursts (SGRBs), mostly
due to the detection of the first afterglows of SGRBs
at X-ray (Gehrels et al. 2005), optical (Hjorth et al. 2005b)
and radio (Berger et al. 2005) wavelengths. Their detec-
tion in galaxies with little star-formation (Fox et al. 2005;
Berger et al. 2005; Prochaska et al. 2006; Gorosabel et al.
2006), and lack of an associated supernova (Hjorth et al. 2005a;
Castro-Tirado et al. 2005), is in direct contrast to long-duration
GRBs (LGRBs) which are associated with the deaths of mas-
sive stars (Galama et al. 1998; Stanek et al. 2003; Hjorth et al.
2003; Malesani et al. 2004). In fact, the recent SN-LGRB,
SN2006aj/GRB060218 has resulted in a large body of new
data on these objects (Pian et al. 2006; Campana et al. 2006;
Sollerman et al. 2006; Modjaz et al. 2006; Cobb et al. 2006;
Mirabal et al. 2006). In the past few months considerable data
has been garnered on the afterglow properties of SGRBs. With
these recent results, the range of distances to, and isotropic
equivalent energies of, SGRBs has expanded (Levan et al.
2006; Soderberg et al. 2006).
It is generally assumed that SGRB afterglows have proper-
ties similar to the afterglows of LGRBs (e.g. Panaitescu et al.
2001; Lazzati et al. 2001; Fox et al. 2005; Panaitescu 2006;
Covino et al. 2006; Berger et al. 2005). The afterglows of
Send offprint requests to: D. Watson
SGRBs do show fast, approximately power-law decays in X-
ray and optical wavelengths, but with many strong deviations
from a simple power-law model. These deviations are inter-
preted as energy injection or short-term flaring (Levan et al.
2006; La Parola et al. 2006; Soderberg et al. 2006). Much has
been inferred about the collimation properties of SGRBs from
the variations from a power-law in a single band (Fox et al.
2005; Berger et al. 2005; Soderberg et al. 2006). Given the
strong flaring activity now known to exist in SGRB decays,
it is reasonable to be cautious about such inferences. Indeed, in
only one case to date has a positive claim been made for a jet
break in an SGRB optical lightcurve, GRB 050709 (Fox et al.
2005).
In this paper we analyse the available data on the spectral
and temporal properties of the afterglow of GRB 050709, the
first SGRB where an optical afterglow was detected and where
a claim for a jet break has been made. We then examine the
limits on jet breaks in other SGRBs and compare the opening
angles of SGRBs with LGRBs.
2. The optical lightcurve of GRB 050709
The optical–near-infrared lightcurve of the afterglow in any one
band is sparsely sampled. But detections have been made in
the V , R, F814W, and K′ bands (Table 1), so we can create
a reasonably sampled lightcurve over a long timescale with a
little knowledge of the broadband spectrum. The R and F814W
bands are the best-constrained data and drive a power-law fit to
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Table 1. Optical observations of GRB 050709 in 2005. Colour-
corrected fluxes used in Fig. 1 are given in column 5.
Observation ∆t Magnitude Band R-band Flux
Date Time (days) (µJy)
July
a11 08:37 1.4166 22.71 ± 0.06 R 2.7 ± 0.1
a12 07:53 2.3862 23.46 ± 0.28 R 1.4+0.4
−0.3
b12 09:32 2.4551 > 23.25 I < 1.2
b12 09:44 2.4635 24.38 ± 0.10 V 0.93+0.08
−0.07
b12 09:57 2.4725 23.83 ± 0.07 R 1.01 ± 0.06
b14 07:21 4.3642 > 25.00 V < 0.6
b14 07:21 4.3718 > 24.10 I < 0.6
c15 13:49 5.6336 25.08 ± 0.02 F814W 0.248 ± 0.005
c15 14:06 5.6454 22.1 ± 0.7 K′ 0.2+0.2
−0.1
a17 07:46 7.3812 > 24.1 R < 0.8
c19 17:11 9.7739 25.84 ± 0.05 F814W 0.123 ± 0.006
a27 09:07 17.4378 > 24.0 R < 0.9
c28 13:48 18.6329 27.81 ± 0.27 F814W 0.020+0.006
−0.004
a29 09:30 19.4536 > 23.8 R < 1.1
b30 02:37 20.1669 > 25.20 V < 0.5
b30 02:54 20.1787 > 25.00 R < 0.4
b30 04:10 20.2315 > 23.50 I < 1.0
August
c13 15:17 34.6947 > 28.1 F814W < 0.015
a Danish 1.54 m (Hjorth et al. 2005b) b VLT (Covino et al. 2006)
c HST and Subaru (Fox et al. 2005)
the data (Fig. 1). Fortunately, these bands are spectrally close,
so that the colour-correction is small.
In long duration GRBs the afterglow continua are pre-
dominantly power-laws (e.g. Sari et al. 1998; Jakobsson et al.
2004; Willingale et al. 2004). It seems reasonable that the op-
tical/NIR spectrum of GRB 050709 can be represented by a
power-law shape especially over the small spectral range that
dominates the lightcurve fit (R to F814W). Using the near-
simultaneous V and R (2.4 days), and F814W and K′ (5.6 days)
observations, the spectral index of the power-law (Fν ∝ ν−β)
was βO = 1.7±0.8, and βO = 1.2±0.7, respectively. Combining
these data gives βO = 1.4 ± 0.5. The upper limit in the I band
at 2.4 days is consistent with this spectral index. This is bluer
than the βO = 2.3±0.7 derived by Covino et al. (2006), but still
within the 1σ error bounds. All detections before 5 days in the
literature have assumed a zero flux from the afterglow at about
a week. To correct for this, a small flux derived from the late af-
terglow (using the HST lightcurve) was added to the early flux
values. The offset added to the early data is partly responsible
for the bluer spectral index derived here.
Using this power-law spectrum with βO = 1.4, the data
were converted to fluxes at the effective wavelength of the R
band. The precise value of the colour correction does not sub-
stantially affect the lightcurve; values of βO between 1.0 and
2.4 give very similar results. This relative insensitivity to the
colour correction is because βO is derived from the same wave-
length range as the lightcurve data and, as mentioned above,
because the lightcurve fit is driven primarily by the R-band and
F814W data, where the wavelength separation is quite small.
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Fig. 1. The optical lightcurve of the short GRB 050709. A sin-
gle power-law decay (αO = 1.73) has been fit to the data ex-
cluding the second HST detection at 9.8 days. An acceptable fit
is obtained only when this datapoint is excluded. Data from dif-
ferent bands have been corrected to the R-band flux using the
best-fit power-law spectrum. The fit subtracted from the data
(residuals) in units of ∆χ are plotted in the lower panel.
The resulting lightcurve was then fit with a single power-
law (Fig. 1), yielding a poor fit regardless of the colour cor-
rection (χ2 = 27.6 for 6 degrees of freedom). The poor fit
was entirely due to the second HST datapoint at 9.8 days.
A broken power-law improved the fit slightly, but still the fit
was unacceptable (χ2 = 16.2 for 4 degrees of freedom) and
in fact required a flattening rather than a steepening of the
decay. However, excluding the second HST detection from
the dataset allowed a good fit to be obtained with a single
power-law (F(t) ∝ t−α) with a moderately steep decay index
αO = 1.73 ± 0.04 (χ2 = 6.2 for 5 degrees of freedom). Adding
the uncertainty from the colour correction gives αO = 1.73+0.11
−0.04.
2.1. Comparison with X-rays
The first Chandra observation shows a clear detection of
the source with ∼ 50 counts (Fox et al. 2005). Assuming
a power-law model with Galactic absorption, the power-law
spectral index is βX = 1.6 ± 0.3, consistent with βO de-
rived above. The 0.3–8.0 keV flux is 7 ± 2 × 10−15 erg cm−2 s−1
(2±1×10−16 erg cm−2 s−1 keV−1 or 0.08+0.06
−0.04 nJy at 5 keV). The
optical-to-X-ray spectral index is then βOX = 1.2 ± 0.1 at 2.45
days. This spectral index is consistent with all of the spectral
indices derived in the optical/NIR. The data are therefore con-
sistent with a power-law spectrum with a single power-law in-
dex from the NIR to the X-ray regime.
3. Implications for short GRBs
It has already been noted that the HST data are not con-
sistent with a single power-law decay in GRB 050709 and
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it was suggested that the second detection with HST rep-
resented a break to a steeper decay rate, consistent with
a jet break (Fox et al. 2005). It is clear from this analy-
sis of all the available data, that there is no evidence for
a break in the lightcurve of GRB 050709. The HST data-
point at 9.8 days, instead, represents a flare or a rebright-
ening in the optical. This is not surprising empirically, in
light of the probable flare in the X-ray data for this burst
(Fox et al. 2005) at 16 days, as well as the rebrightenings ob-
served in other SGRBs: GRB 050724 (Barthelmy et al. 2005;
Berger et al. 2005), GRB 051210 (La Parola et al. 2006), GRB
051221A (Soderberg et al. 2006), GRB 060121 Levan et al.
(2006). The X-ray flare may be directly related to the optical
rebrightening, though it would require a slow rise and a very
rapid fall if they were correlated.
The rebrightening observed in the optical/NIR is about two
orders of magnitude below the faint Type Ic supernova (SN),
1994I and cannot be fit with standard SN templates because
it requires a much earlier rise-time and a quicker decay than
observed in SNe. If the flares in the optical and X-ray are asso-
ciated, this probably also excludes a SN origin for the rebright-
ening, since the X-ray flare is so late.
The very late time of these flares seems to exclude mod-
els related to the natural timescale of a compact-body merger
(Rosswog et al. 2003; Setiawan et al. 2004; Oechslin & Janka
2006), as well as those involving shock heating of a stellar
companion unless the orbital distance is much larger than sug-
gested by MacFadyen et al. (2005). Models where the charac-
teristic spectrum is thermal cannot explain both the X-ray and
optical flares together. The late time of the flaring may also be
problematic for models involving large non-uniformity in the
accretion (Perna et al. 2006; King et al. 2005), since the accre-
tion must continue for > 10 days after the burst.
3.1. Jet breaks in SGRBs lightcurves
The steep decay reported here could be indicative of a jet-break
prior to the start of optical observations in GRB 050709, how-
ever, the X-ray data are well-fit (reduced χ2 = 0.7) by a single
power-law decay from the HETE-WXM detection of the long
soft emission 100 s after the short burst (Villasenor et al. 2005),
to the late Chandra detection at 16.1 days (excluding the flare at
16.0 days), with a decay index (αX = 1.97±0.02) which is close
to the optical decay. This indicates that a break at early times
(< 2 days) is unlikely. In this case, we can limit any achro-
matic break to > 10 days. Indeed, it seems likely that there
was no break as late as the third HST detection at 18.6 days,
since the detection at this time, and in the X-ray at 16 days,
are consistent with the single early power-laws. However we
cannot absolutely exclude that such a break occurred around
the time of the flaring, with the flare disguising such a break.
Therefore the conservative limit on any break is > 10 days.
This limit corresponds to a half opening angle, θjet > 23◦, using
the relation of Sari et al. (1999), an isotropic equivalent energy
Eiso = 7 × 1049 erg (Fox et al. 2005) and assuming a density
n = 10−2 cm−3. The limit is not very sensitive to the assumed
density or the derived total energy since the angle is propor-
tional to (n/Eiso)0.125. The location of GRB 050709 in a star-
forming galaxy suggests that the density is unlikely to be sig-
nicantly lower than assumed above, a higher density would re-
sult in a (slightly) larger limit on the opening angle. This limit,
θjet > 23◦, is much larger than the typical opening angle found
for LGRBs (Zeh et al. 2006).
While the lightcurves of SGRBs do decay rapidly, roughly
as a power-law, they are all affected by strong variations,
ranging from a moderate amplitude ‘wiggling’ to very large
amplitude flaring (e.g. GRB 050709, as noted above, or
GRB 050724, Grupe et al. 2006). For this reason it is difficult
to ascertain the decay slope of any underlying power-law and
then fix an achromatic breaktime. This is evidenced by the
first inaccurate suggestions of jet breaks in GRB 050709 and
GRB 050724 (see Fig. 7 in Soderberg et al. 2006) – Grupe et al.
(2006) report no lightcurve break detected in GRB 050724 ei-
ther, out to at least three weeks after the burst. The break in the
X-ray lightcurve of the afterglow of GRB 051221A at ∼ 5 days
may be a jet break (Burrows et al. 2006). This seems to be con-
sistent with the available data (Soderberg et al. 2006), however
without strong limits or detections at other wavelengths to in-
dicate a simultaneous break, the claim that it is a jet break must
be considered weak. The opening angle of ∼ 7◦ (Burrows et al.
2006; Soderberg et al. 2006) corresponding to a jet break at 5
days must therefore be considered a lower limit. Evidence of
an achromatic break in the lightcurve, critical to the analysis of
the collimation of the outflows of SGRBs, has therefore yet to
be observed in any SGRB.
Lower limits to achromatic break times are now avail-
able for two SGRBs with redshifts (GRB 050724 and
GRB 051221A) and one without (GRB 060121).1 Combining
these limits with the limit for GRB 050709, we can compare
their opening angles with the distribution of opening angles
found for LGRBs (Fig. 2). It is immediately apparent that the
distributions are different, with SGRBs having much larger
opening angles, consistent with no collimation at all. While the
opening angles are fairly insensitive to the assumed density, it
might be possible to decrease the lower limits on the opening
angle by as much as a factor of two if the assumed density could
be lowered by a factor of about 300. However, such low densi-
ties could be problematic in trying to reproduce the properties
of the afterglows (e.g. Soderberg et al. 2006), and in the cases
where the GRBs are found within a galaxy, such low densities
can essentially be excluded.
The minimum γ-ray energies of the three SGRBs with
known redshift is 1.6 × 1049 erg, 2.8 × 1049 erg and 1 ×
1049 erg for GRB 050709, GRB 050724 and GRB 051221A re-
spectively. Their respective isotropic equivalent energies are
2 × 1050 erg, 3 × 1050 erg and 2.4 × 1051 erg (Fox et al. 2005;
Barthelmy et al. 2005; Soderberg et al. 2006). These limits are
clearly different from the values found for classical LGRBs
(1050 − 1052 erg, Zeh et al. 2006). However, the SGRBs are
substantially closer than most of the LGRBs in this sam-
1 The limits obtained for GRB 051210, GRB 050813 and
GRB 050509B are very weak: none have an optical afterglow
detection and therefore their redshifts are somewhat uncertain, and
in all cases, X-ray emission is well-detected only in the first few
hundred seconds after the burst.
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Fig. 2. Distributions of opening angles for short and long
GRBs. Only lower limits are available for the short GRBs,
but even with only four bursts, they seem clearly incom-
patible with the long GRB distribution. The long burst dis-
tribution is from the sample of Zeh et al. (2006). The short
bursts are GRB 050709 (> 23◦, this paper), GRB 050724 (>
25◦, Grupe et al. 2006), GRB 051221A (> 7◦, Soderberg et al.
2006) and GRB 060121 (> 7◦ assuming z = 3, Levan et al.
2006). The distributions have been produced by dividing the
probability density for each opening angle between the bins
using the available uncertainties and limits.
ple. A comparison with the γ-ray energies of low-redshift
LGRBs – e.g. GRB 980425 (Galama et al. 1998), 020903
(Sakamoto et al. 2004), 030329 (Hjorth et al. 2003), 031203
(Watson et al. 2006), 060218 (Campana et al. 2006) – shows
that the three limits for SGRBs substantially overlap with low-
redshift LGRBs.
Models of short GRBs from neutron star (NS) mergers
(Rosswog et al. 2003) seem naturally to produce wide open-
ing angles for the neutrino-annihiliation driven outflow unless
the baryonic wind from the remnant exerts significant con-
finement (Rosswog & Ramirez-Ruiz 2003; Aloy et al. 2005).
However, such wide opening angles could be problematic for
the total energy released in such a scenario unless the efficiency
is fairly high. Magnetic mechanisms may therefore be a more
likely candidate to provide the energy release in NS-NS merg-
ers (Price & Rosswog 2006; Lee et al. 2005).
It is interesting to note that GRB 000301C, suggested to
be a SGRB (duration 2 s with a hard spectrum, Jensen et al.
2001), has an opening angle at the extreme end of the dis-
tribution for LGRBs (12 ± 1◦, Zeh et al. 2006), as well as a
strong (1 magnitude) deviation from a power-law decay at 4–
5 days after the trigger. But at the same time, GRB 000301C
is at a fairly high redshift, z = 2.04, much further away
than the known SGRB redshifts. At a much lower redshift,
the duration of this burst would lie well within the SGRB
range. GRB 000301C also has a damped Lyα (DLA) absorp-
tion system and extinction detected in its afterglow spec-
trum (Jensen et al. 2001), suggesting an actively star-forming
galaxy. Two other bursts are worth noting in this discussion:
GRB 001025A, an IPN-localised hard burst with duration 2.9 s
(Pedersen et al. 2006), and GRB 060206, also a hard burst with
duration 7 s (Palmer et al. 2006). In the case of GRB 001025A
it had a fast decay and no detected optical afterglow to a limit of
R > 25.5 at 1.2 days (Watson et al. 2002; Pedersen et al. 2006).
For GRB 060206, the redshift is high (z = 4.05 Fynbo et al.
2006) – at low redshift, this GRB would have had a duration
about as short as GRB 050724. It also shows huge variabil-
ity in the optical (Stanek et al. 2006; Monfardini et al. 2006;
Woz´niak et al. 2006). Like GRB 000301C, its spectrum also
has a DLA absorption system (Fynbo et al. 2006).
The strong variations observed in almost all short GRBs
where there is even a moderate coverage of the lightcurve,
make it difficult to determine breaks in the power-law decays.
Indeed, there is a possibility that some lightcurves may be dom-
inated by flaring, with little of the flux contributed by an under-
lying power-law decay. In cases with long-duration, large am-
plitude flaring, jet-break times would not be determined, lead-
ing to very large opening angle limits. However this explana-
tion of large opening angles seems unlikely in most cases and is
contradicted by the detection of a clean, relatively slow power-
law decay in the optical in GRB 050709 and in the X-ray in
GRB 051221A.
4. Conclusions
The SGRB 050709 was the first GRB with a detected opti-
cal afterglow (Hjorth et al. 2005b). It is the only SGRB where
clear evidence for a jet break in the optical lightcurve has been
claimed. We have shown that the optical decay of this GRB
follows a single steep power-law decay with a rebrightening
at ∼ 10 days. There is no evidence of a jet break. The opti-
cal rebrightening in GRB 050709 is not easily compatible with
models involving supernovae, shock heating of a stellar com-
panion or non-uniformities in the accretion disk. So far there is
no compelling evidence for a jet break in any SGRB and avail-
able limits are not compatible with the distribution of opening
angles in long GRBs. There is no strong evidence for collima-
tion in short bursts, implying that short GRBs may be more
energetic than previously believed.
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